GROUP III NITRIDE SEMICONDUCTOR DEVICE 



[0000] 

Cross-Reference to Related Applications 

The present application claims priority on Japanese Patent application 2004- 
003368 filed on January 8, 2004 which claims priority on Japanese Patent application 
2003t029374 filed on February 6, 2003, the contents of these applications are hereby 
incorporated by reference within this specification. 
[0001] 

Field of the Invention 

The present invention relates to a semiconductor device comprising a group HI 
nitride semiconductor. 
[0002] 

Description of the Related Art 

Japanese unexamined patent application publication No. 10-223901 discloses 
a semiconductor device comprising a group III nitride semiconductor. More 
specifically, it discloses a field-effect transistor in which a buffer layer, a channel 
layer, and a gate-insulating layer are stacked successively on a substrate, and a gate 
electrode is formed thereupon. The channel layer is composed of an n-type GaN 
(gallium nitride, a group III nitride semiconductor). 
[0003] 

When the above-described semiconductor device is switched ON, electrons 
flow in the channel layer. When electrons flow in the channel layer, the electrons 
collide with surrounding atoms, and holes are formed. If the quantity of electrons 
flowing in the channel layer is increased, the quantity of the holes formed in the 
channel layer is also increased. Those holes are accumulated inside the semiconductor 
device. The presence of the accumulated holes causes dielectric breakdown of the 
semiconductor device. In the above-described semiconductor device, this was the 
factor hindering the realization of increased voltage resistance. 
[0004] 

Another problem with such a semiconductor device is rather high ON 
resistance. In the above-mentioned prior art, it is explained that reducing the 
concentration of carriers in the channel layer of the above-described transistor enables 
a normally-off structure. In the normally-off structure in this specification, the device 
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is OFF (substantially no current flows in the device) while no voltage is applied to the 
gate electrode of the transistor. However, with such a semiconductor device having 
normally-off structure, the ON resistance becomes high due to low concentration of 
carriers in the channel layer. The prior art fails to realize a normally-off 
semiconductor device having a decreased ON resistance. Thus, there is a necessity of 
realizing a normally-off semiconductor device by a method different from that of 
realizing a normally-off structure by decreasing the concentration of carriers in the 
channel layer. 
[0005] 

Summary of the Invention 

It is an object of the present invention to increase the voltage resistance of a 
semiconductor device comprising a group III nitride semiconductor. 

It is another object of the present invention to decrease the ON resistance of a 
semiconductor device comprising a group III nitride semiconductor. 

It is yet another object of the present invention to obtain a novel structure 
realizing a normally-off semiconductor device comprising a group III nitride 
semiconductor. 

The present invention attains at least one of the above-described objects. 

[0006] 

One example of a semiconductor device embodying the present invention 
comprises a first layer composed of a group III nitride semiconductor, a second layer 
composed of a group III nitride semiconductor, and a gate electrode. The first layer 
has a region formed between the gate electrode and the second layer. The conductivity 
type of the second layer is inversed with respect to the conductivity type of the 
carriers flowing in a channel. In this semiconductor device, the channel is formed in at 
least one of: (1) the first layer, (2) the second layer, (3) the boundary region between 
the first layer and the second layer. 
[0007] 

If the carriers flowing in the channel collide with surrounding atoms, then 
carriers with the conductivity type inversed with respect to that of the carriers flowing 
in the channel are formed. With the above-described semiconductor device, those 
carriers of the inversed conductivity type can be pulled out from the channel by using 
the second layer with the conductivity type inverted with respect to the conductivity 
type of the carriers flowing in the channel. As a result, accumulation of the carriers of 
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the inversed conductivity type in the semiconductor device can be suppressed. 
Therefore, the occurrence of dielectric breakdown caused by the presence of 
accumulated carriers of the inversed conductivity type can be suppressed and voltage 
resistance can be increased. 
[0008] 

In one example of a semiconductor device embodying the present invention, 
the second layer is preferably in contact with an electrode for leading out the carriers 
with the conductivity type inversed with respect to that of the carriers flowing in the 
channel from the semiconductor device. More specifically, the second layer is 
preferably in contact with either a source electrode or a drain electrode. When the 
second layer has p-type conductivity, the second layer is preferably in contact with the 
source electrode. 

With the above-described example, the carriers with the conductivity type 
inversed with respect to that of the carriers flowing in the channel can be effectively 
pulled out from the channel through the second layer. 
[0009] 

Another example of a semiconductor device embodying the present invention 
comprises a first layer composed of a group III nitride semiconductor of a first 
conductivity type, a second layer composed of a group III nitride semiconductor of a 
second conductivity type, and a gate electrode. The first layer has a region formed 
between the gate electrode and the second layer, and the first layer and the second 
layer are in contact with each other. The band gap of the first layer is larger than the 
band gap of the second layer. 

With the above-described semiconductor device, a quantum well functioning 
as a channel can be formed in the vicinity of the boundary between the first layer and 
the second layer. As a result, the collection degree of the carriers can be increased. 
This enables the channel resistance to be decreased. As a consequence, the ON 
resistance can be decreased. 
[0010] 

The first layer preferably contains Al (aluminum). In this case, the band gap of 
the first layer can be increased. The second layer preferably contains In (indium). In 
this case, the band gap of the second layer can be decreased. 
[0011] 
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Yet another example of a semiconductor device embodying the present 
invention comprises a first layer composed of a group III nitride semiconductor of a 
first conductivity type, a second layer composed of a group III nitride semiconductor 
of a second conductivity type, a third layer composed of a group III nitride 
semiconductor of the first conductivity type, and a gate electrode. The first layer has a 
region formed between the gate electrode and the second layer. The third layer has a 
region formed between the first layer and the second layer. The band gap of the third 
layer is less than the band gap of the first layer. 

With the above-described semiconductor device, a quantum well functioning 
as a channel can be formed within the third layer at the first layer side. Therefore, the 
ON resistance can be decreased. 
[0012] 

Yet another example of a semiconductor device embodying the present 
invention comprises a first layer composed of a group III nitride semiconductor of a 
first conductivity type, a second layer composed of a group III nitride semiconductor 
of a second conductivity type, a third layer composed of a group III nitride 
semiconductor, and a gate electrode. The first layer has a region formed between the 
gate electrode and the second layer. The third layer has a region formed between the 
first layer and the second layer. The band gap of the third layer is less than the band 
gap of the first layer and the second layer. The conductivity type of the third layer 
may be either the first conductivity type or the second conductivity type. 

With the above-described semiconductor device, a quantum well functioning 
as a channel can be formed in the third layer. Therefore, in this case, too, the ON 
resistance can be decreased. 
[0013] 

The third layer is preferably composed of a substantially impurity free group 
III nitride semiconductor (true group III nitride semiconductor). The true III nitride 
semiconductor may be obtained by epitaxial growth method without introducing 
dopant. 

With this configuration, the occurrence of the carriers' diffusion by dopant 
may be prevented when the carriers flow in the third layer. Therefore, the mobility of 
the carriers in the channel can be increased. As a result, the ON resistance can be 
decreased. 
[0014] 
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Yet another example of a semiconductor device embodying the present 
invention comprises a first layer composed of a group III nitride semiconductor of a 
first conductivity type, a second layer composed of a group III nitride semiconductor 
of a second conductivity type, and a gate electrode. The first layer has a region formed 
between the gate electrode and the second layer. The thickness of the first layer is not 
more than the thickness of a depleted layer that will extend from a boundary between 
the first layer and the second layer to the first layer side when no electric voltage is 
applied to the gate electrode. 

With this embodiment, a semiconductor device having a normally off structure 
can be realized. 
[0015] 

The concentration of carriers in the first layer is preferably 1 x 10 17 cm" 3 or 
less, and the concentration of carriers in the second layer is preferably 1 x 10 17 cm' 3 or 
more. With this configuration, a semiconductor device that can be normally off can be 
readily realized. 
[0016] 

The gate electrode may be in direct contact with the first layer. The gate 
electrode may be adjacent to the first layer via a gate-insulating layer. The gate- 
insulating layer preferably contains a group III nitride semiconductor containing at 
least Al (aluminum as the group III element). Providing such a gate-insulating layer 
makes it possible to increase the voltage, which can be applied to the gate electrode. 
[0017] 

The gate electrode is preferably of a trench type. 

In this case, the channel is formed along the side surface of the trench-type 
gate electrode. When the trench-type gate electrode extending in a direction 
perpendicular to a surface of the semiconductor substrate is formed, a channel 
extending in the direction perpendicular to the surface of the semiconductor substrate 
can be formed. Therefore, the surface area of the semiconductor device can be 
decreased. This is effective for the integration of the semiconductor device. 
[0018] 

The drain electrode and source electrode are preferably formed on the same 
surface side of the semiconductor device containing the first layer and the second 
layer. Alternatively, the source electrode may be formed on a first surface side of the 
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semiconductor device containing the first layer and the second layer, and the drain 
electrode may be formed on a second surface, which is on the opposite side. 
[0019] 

The present invention can be applied to transistors. A transistor employing the 
present invention comprises a gate electrode, a first layer composed of a group III 
nitride semiconductor of a first conductivity type, and a second layer composed of a 
group III nitride semiconductor of a second conductivity type, which is located on a 
side of the first layer that is opposite to the gate electrode. This transistor functions as 
a field-effect transistor. 

In this transistor, when the carriers flow in the first layer of the first 
conductivity type and the carriers collide with atoms, thereby producing carriers of the 
inversed conductivity type, the produced carriers of the inversed conductivity type 
move into the second layer of the second conductivity type. Thus, the carriers of the 
inversed conductivity type do not accumulate in the first layer of the first conductivity 
type. With such a transistor, the occurrence of breakdown of the transistor caused by 
the accumulation of the carriers of the inversed conductivity type can be prevented. 

The first layer and the second layer may be in direct contact with each other. 
In this case, the band gap of the first layer is preferably larger than the band gap of the 
second layer. In this case, the collection degree of the carriers in the vicinity of the 
interface of the first layer and the second layer increases and the ON resistance 
decreases. 

Alternatively, a third layer having a band gap less than the band gaps of the 
first layer and the second layer may be located between the first layer and the second 
layer. In this case, the collection degree of the carriers in the third layer increases and 
the ON resistance decreases. 

If the third layer is composed of a true group III nitride semiconductor, the 
carrier mobility increases and the ON resistance decreases. 

A third layer composed of a group III nitride semiconductor of the first 
conductivity type and having a band gap less than the band gap of the first layer may 
be positioned between the first layer and the second layer. In this case the carrier 
collection degree in the vicinity of the interface of the first layer and the third layer 
increases and the ON resistance decreases. 

In the transistor in accordance with the present invention a depleted layer 
expands from the second layer toward the first layer when no electric voltage is 
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applied to the gate electrode. The position and thickness of the first layer is preferably 
selected so that the depleted layer expanding from the second layer toward the first 
layer may deplete the entire first layer. 

This transistor operates in a normally-off mode. 

When the position and thickness of the first layer has been selected so as to 
deplete the entire first layer, a gate insulating film may be disposed between the gate 
electrode and the first layer. 

If a gate insulating film is disposed between the gate electrode and the first 
layer, a sufficiently high voltage can be applied to the gate electrode, allowing for a 
large-current ON/OFF switching. 
[0020] 

In accordance with the present invention, the voltage resistance of the 
semiconductor device comprising the group III nitride semiconductor can be 
increased. Alternatively, the ON resistance of the semiconductor device comprising 
the group III nitride semiconductor can be decreased. Furthermore, a novel structure 
of a normally-off semiconductor device comprising the group III nitride 
semiconductor can be realized. The present invention can provide a semiconductor 
device realizing at least one of the above objects. 
[0021] 

Brief Description of the Drawings 

FIG. 1 is a cross-sectional view of the field-effect transistor of the first 
embodiment. 

FIG. 2 is an energy band diagram of the upper n -type layer and p + -type layer 
in the first embodiment. 

FIG. 3 is an energy band diagram illustrating a state in which no voltage is 
applied to the gate electrode in the first embodiment. 

FIG. 4 is an energy band diagram illustrating a state in which a positive 
voltage is applied to the gate electrode in the first embodiment. 

FIG. 5 is a cross-sectional view of the field-effect transistor of the second 
embodiment. 

FIG. 6 is an energy band diagram illustrating a state in which no voltage is 
applied to the gate electrode in the second embodiment. 

FIG. 7 is a cross-sectional view of the field-effect transistor of the third 
embodiment. 
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FIG. 8 is a cross-sectional view of the field-effect transistor of the fourth 
embodiment. 

FIG. 9 is a cross-sectional view of the field-effect transistor of the fifth 
embodiment. 

FIG. 10(a) is an energy band diagram illustrating a state in which no voltage is 
applied to the gate electrode of the fifth embodiment. 

FIG. 10(b) is an energy band diagram illustrating a state in which a positive 
voltage is applied to the gate electrode of the fifth embodiment. 

FIG. 11 is a cross-sectional view of the field-effect transistor of the sixth 
embodiment. 
[0022] 

Description of the Preferred Embodiments 

The preferred aspects of the present invention will be described below. 
(First preferred aspect) 

The semiconductor device of this aspect comprises a fourth layer composed of 
a group III nitride semiconductor of the first conductivity type, a second layer formed 
on the fourth layer and composed of a group III nitride semiconductor of a second 
conductivity type, a first layer composed of a group III nitride semiconductor of a first 
conductivity type and formed on the second layer directly or via a third layer 
composed of a group III nitride semiconductor, a gate electrode formed on the first 
layer directly or via a gate insulating layer, a source electrode which is in contact with 
one end side of the first layer directly or via a source layer of the first conductivity 
type, and a drain electrode which is in contact with the other end side of the first layer 
directly or via a drain layer of the first conductivity type. 
(Second preferred aspect) 

The semiconductor device of this aspect comprises a fourth layer composed of 
a group III nitride semiconductor of a first conductivity type, a drain electrode formed 
on a first surface of the fourth layer, a second layer composed of a group III nitride 
semiconductor of a second conductivity type and formed on a second surface of the 
fourth layer, the first surface and the second surface being opposite with respect to the 
fourth layer, a first layer composed of a group III nitride semiconductor of the first 
conductivity type and formed on the second layer directly or via a third layer 
composed of a group III nitride semiconductor, a gate electrode formed on the first 
layer directly or via a gate insulating layer, and a source electrode which is in contact 
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with one end side of the first layer directly or via a source layer of the first 
conductivity type. The second layer is divided into a plurality of regions, and the 
fourth and first layers or the fourth and third layers make direct contact at those 
divisions. 

(Third preferred aspect) 

A third layer of the third embodiment is composed of a true group III nitride 
semiconductor not doped with dopant, or a group III nitride semiconductor doped 
with dopant of a first conductivity type. 
[0023] 

Each embodiment will be described below in greater detail with reference to 
the appended drawings. 
(First embodiment) 

FIG. 1 is a cross sectional view of a field-effect transistor of the first 
embodiment. In this transistor, a lower n-type layer (fourth layer) 22 is formed on a 
substrate 20. The substrate 20 is composed of AI2O3 (sapphire). The lower n-type 
layer 22 is composed of GaN (gallium nitride) doped with Si (silicon), which is an n- 
type dopant. The concentration of carriers in the lower n-type layer 22 is about 1 x 
10 16 cm' 3 . The thickness of the thickest portion of the lower n-type layer 22 is about 5 
jim. A p + -type layer (second layer) 42 is formed on the region, which is part of the 
lower n-type layer 22. The p + -type layer 42 is composed of GaN doped with Mg 
(magnesium which is a p-type dopant). The concentration of carriers in the p + -type 
layer 42 is about 1 x 10 18 cm" 3 . The thickness of the thickest portion of the p + -type 
layer 42 is about 0.5 |im. Ge (germanium) or the like may be also doped as the n-type 
dopant. Be (beryllium) or the like may also be doped as the p-type dopant. 
[0024] 

An upper n -type layer (first layer) 32 is formed from the region that is part of 
the lower n -type layer 22 over the region that is part of the p + -type layer 42. The 
upper n -type layer 32 is composed of AlGaN (aluminum gallium nitride, more 
specifically Alo.3Gao.7N) doped with Si, which is an n-type dopant. The concentration 
of carriers in the upper n -type layer is about 1 x 10 16 cm' 3 . The thickness of the upper 
n -type layer 32 is about 50 nm. 
[0025] 

An n + -type source layer 40 is formed in the location in contact with one end 
(left end as shown in the figure) of the upper n -type layer 32 and is located on the 
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region that is part of the p + -type layer 42. An n + -type drain layer 26 is formed in the 
location in contact with the other end (right end as shown in the figure) of the upper n 
-type layer 32 and is located on the region that is part of the lower n-type layer 22. 
The n + -type source layer 40 and the n + -type drain layer 26 are composed of GaN 
doped with Si, which is an n-type dopant. 
[0026] 

A source electrode 38 is formed from the region that is part of the lower n + - 
type source layer 40 over the region that is part of the p + -type layer 42. The source 
electrode 38 is in contact with both the n + -type source layer 40 and the p + -type layer 
42. A drain electrode 28 is formed on the n + -type drain layer 26. A gate-insulating 
layer 30 is formed from above the upper n -type layer 32 over the region that is part of 
the n + -type source layer 40. The gate-insulating layer 30 is composed of A1N 
(aluminum nitride). The thickness of the gate-insulating layer 30 is about 50 nm. A 
gate electrode 34 is formed on the region that is part of the gate-insulating layer 30. 
The gate electrode 34 is positioned higher than the region that is part of the p + -type 
layer 42. The upper n -type layer 32 comprises a region 32a formed between the gate 
electrode 34 and the p + -type layer 42. 
[0027] 

The source electrode 38 and the drain electrode 28 are formed as ohmic 
electrodes by using a Ti (titanium) and Al (aluminum) laminated structure. The 
thickness of Ti is about 10 nm. The thickness of Al is about 100 nm. The gate 
electrode 34 is composed of Ni (nickel). The thickness of the gate electrode 34 is 
about 100 nm. 
[0028] 

The band gap of the upper n -type layer 32 is larger than the band gap of the 
p + -type layer 42. In the present embodiment, the band gap of the upper n -type layer 
32 is increased by introducing Al into the upper n -type layer 32. 

A depleted layer extends on both sides of the upper n -type layer 32 and the 
p + -type layer 42 from the contact zone (pn junction) 24 of the upper n -type layer 32 
and the p + -type layer 42. The thickness of the upper n -type layer 32 is not greater 
than the thickness of the depleted layer extending from the pn junction 24 between the 
upper n -type layer 32 and the p + -type layer 42 to the upper n -type layer 32 when no 
voltage is applied to the gate electrode 34. 
[0029] 
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The operation of the first embodiment will be explained hereinbelow. As 
described above, the thickness of the upper n'-type layer 32 is not greater than the 
thickness of the depleted layer extending to the upper n -type layer 32 when no 
voltage is applied to the gate electrode 34. Therefore, in a state in which no voltage is 
applied to the gate electrode 34, the entire region 32a located directly above the p + - 
type layer 42 in the upper n -type layer 32 is substantially depleted by the depleted 
layer extending to the upper n"-type layer 32. For this reason, in a state in which no 
voltage is applied to the gate electrode 34, no current flows between the source 
electrode 38 and the drain electrode 28. Thus, the transistor executes a normally-off 
operation. From the standpoint of safety, it is desired that no current flows, that is, that 
the normally-off state is realized when no voltage is applied to the gate electrode 34 in 
high-power semiconductor devices. This transistor executes, as described above, the 
normally-off operation. Therefore this transistor is especially suitable as a 
semiconductor device for high-power applications. 
[0030] 

FIG. 2 illustrates an energy band diagram of the upper n -type layer 32 and the 
p + -type layer 42. The configuration of the energy band diagram shown in FIGS. 2 
through 4 corresponds to the configuration of the cross-sectional view along line A-A 
shown in FIG. 1. As described hereinabove, the band gap Ei of the upper n"-type layer 
32 is larger than the band gap E2 of the p + -type layer 42. If the upper n"-type layer 32 
and the p + -type layer 42 are thus joined, the energy band is curved so that the Fermi 
levels (Ef) of the two are matched. As a result, a spike 44 and a notch (quantum well) 
46 are formed in the energy band. Furthermore, a depleted layer 48 extends on both 
sides of the upper n"-type layer 32 and the p + -type layer 42 from the pn junction 24 
between the upper n"-type layer 32 and the p + -type layer 42. 
[0031] 

FIG. 3 shows an energy band diagram relating to a structure comprising the 
gate-insulating layer 30 and the gate electrode 34 in addition to the upper n"-type layer 
32 and the p + -type layer 42. FIG. 3 represents a state in which no voltage is applied to 
the gate electrode 34. If a positive voltage is applied to the gate electrode 34, the 
energy band bends as shown in FIG. 4. As a result, the notch 46 moves below the 
Fermi level (Ef). Therefore, a channel is formed in the notch 46 and electrons flow 
therein. 
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As follows from FIG. 4, the notch 46 is formed in the vicinity of a boundary 
24. Thus, a channel is formed in the vicinity of the boundary 24 (mainly in the p + -type 
layer 42 in the vicinity of the boundary 24). The notch (channel) 46 shown in FIG. 4 
extends in the direction perpendicular to the page. As shown in FIG. 1, the channel 
extends in the left-right direction because it is formed in the vicinity of the boundary 
24 between the first layer 32 and the second layer 42. 
[0032] 

Thus, if a positive voltage is applied to the gate electrode 34, as shown in FIG. 
1, electrons flow in the transverse direction in the order as follows: source electrode 
38, n + -type source layer 40, channel (in the vicinity of the boundary 24 of the upper n" 
-type layer 32 and the p + -type layer 42), in the vicinity of a boundary 25 of the upper 
n~-type layer 32 and the lower n"-type layer 22, n + -type drain layer 26, and drain 
electrode 28. Thus, the electric current flows in the transverse direction from the drain 
electrode 28 to the source electrode 38 and the transistor is switched on. 
[0033] 

If the electrons flowing in the channel collide with the surrounding atoms, 
holes with a conductivity type inversed with respect to that of the electrons flowing in 
the formed channel can be formed. According to the above-described embodiment, 
those holes can be pulled out through the p + -type layer 42 and the source electrode 38 
which is in contact therewith. Therefore, accumulation of the holes in the device can 
be suppressed. For this reason, the occurrence of dielectric breakdown caused by the 
presence of accumulated holes can be prevented. Therefore, breakdown resistance of 
the transistor can be increased. 
[0034] 

Furthermore, as shown in FIG. 4, the notch 46 has become a region that was 
two-dimensionally narrowed with respect to the three-dimensionally expanded region 
located above it. The electrons flow through the channel formed by this two- 
dimensionally narrowed notch 46. The notch 46 provides a very narrow channel. 
Therefore, the so-called two-dimensional electron gas is formed. For this reason, the 
collection degree and mobility of the electrons can be increased. As a result, channel 
resistance can be reduced. Therefore, the ON resistance can be decreased. 
[0035] 
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As described hereinabove, in accordance with the first embodiment, it is 
possible to realize a useful semiconductor device which is normally off, has a high 
breakdown resistance, and has a low ON resistance. 
[0036] 

An example of the method for the fabrication of the structure of the first 
embodiment will be explained hereinbelow with reference to FIG. 1. First, the lower 
n~-type layer 22 is epitaxially grown by the MOCVD method (organometallic vapor 
phase deposition method) on a substrate 20. Then, a first mask layer (SiC>2 layer) is 
formed on the lower n -type layer 22. An opening for forming the p + -type layer 42 on 
the first mask layer is then formed by a photolithography process. The lower n -type 
layer exposed from the opening in the first mask layer is etched out by the RIE 
method (reactive ion etching method). The etched layer is not present in FIG. 1 
because this layer has been already etched. Further, an MBE method (molecular beam 
epitaxy method) may be also used instead of the above-mentioned MOCVD method. 
The same applies hereinbelow. 
[0037] 

The p + -type layer 42 is then selectively epitaxially grown by the MOCVD 
method on the lower n -type layer 22 newly exposed by the etching and positioned 
below the etched lower n~-type layer (this etched layer is not present in FIG. 1). The 
p + -type layer 42 is grown till it reaches the height of the topmost surface of the lower 
n~-type layer 22. The formation of the p + -type layer 42 is carried out, while the 
previously formed first mask layer remains intact. Because the p + -type layer 42 does 
not grow on the first mask layer, the p + -type layer 42 can be selectively grown only on 
the lower n~-type layer 22 that was newly exposed by etching. The first mask layer is 
then removed with an aqueous solution of HF. 
[0038] 

The upper n -type layer 32 is then epitaxially grown by the MOCVD method 
from above the entire p + -type layer 42 over the entire lower n"-type layer 22. The 
second mask layer (Si0 2 layer) is then formed over the entire upper n -type layer 32. 
An opening for forming the source layer 40 and an opening for forming the drain 
layer 26 are then formed by a photolithography process in the second mask layer. 
Then, N (nitrogen) is implanted by an ion implantation method at a dose of 1 x 10" 15 
cm" 2 and an accelerating voltage of 35 keV into the openings of the second mask layer. 
Si is then implanted by an ion implantation method at a dose of 1 x 10" 15 cm" 2 and an 
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accelerating voltage of 65 keV into the openings of the second mask layer. As a result, 
the n + -type source layer 40 and the n + -type drain layer 26 (prior to activation of the 
ion-implanted dopant) can be formed. 
[0039] 

A mask layer (SiC>2 layer) is then again formed in the open portion of the 
second mask layer. All those mask layers will be referred to hereinbelow as a third 
mask layer. Thus, the entire top surface of the device is covered with the third mask 
layer. The device is then annealed for 5 min at a temperature of 1300°C in an N 
(nitrogen) atmosphere. As a result, the ion-implanted dopants are activated. An 
opening is then formed in the third mask layer. This opening is employed for 
removing the upper n -type layer (this layer is not present in FIG. 1) formed on the p + - 
type layer 42, which is in contact with the source electrode 38. The upper n"-type layer 
(this layer is not present in FIG. 1) exposed from the opening of the third mask layer 
is then etched out by the RIE method. The third mask layer is then removed with an 
aqueous solution of HF. 
[0040] 

The gate-insulating layer 30 is then formed by a sputtering method on the 
entire top surface of the device. An opening for forming the source electrode 38 and 
an opening for forming the drain electrode 28 are then formed by a photolithography 
process on the gate-insulating layer 30. Ti and Al are then successively deposited to 
form a source electrode 38 on the p + -type layer 42 and the n + -type source layer 40 
exposed from the openings. Further, Ti and Al are deposited to form a drain electrode 
28 on the n + -type drain layer 26 exposed from the openings. Annealing is then 
conducted for 2 min at a temperature of 500°C in an N (nitrogen) atmosphere. As a 
result, contact resistance of the source electrode 38 and the n + -type source layer 40, 
the source electrode 38 and the p + -type layer 42, and the drain electrode 28 and the n + - 
type drain layer 26 is reduced. Ni is then vapor deposited to form the gate electrode 34 
on the gate-insulating layer 30 positioned above the p + -type layer 42. 

The field-effect transistor, of the first embodiment can be fabricated by the 
above-described process. 
[0041] 

(Second embodiment) 

The field-effect transistor of the second embodiment shown in FIG. 5 is 
different from that of the first embodiment mainly in the aspects as follows. In the 
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second embodiment, a channel layer (third layer) 44 is provided between the upper n - 
type layer 32 and the p + -type layer 42. The channel layer 44 is also continuously 
provided between the upper n~-type layer 32 and the lower n'-type layer 22. The 
channel layer 44 is composed of true InGaN that was not doped with dopant. Indium 
is introduced in the channel layer 44. As a result, the band gap of the channel layer 44 
is made smaller than the band gaps of the upper n~-type layer 32 and the p + -type layer 
42. 

[0042] 

In the second embodiment, the fabrication can be conducted by removing the 
first mask layer by virtue of a process similar to that of the first embodiment, then 
successively growing the channel layer 44 and the upper n -type layer 32 by the 
MOCVD method over the entire lower n -type layer 22 and p + -type layer 42 and then 
conducting operations as in the first embodiment. 
[0043] 

An energy band obtained in the case when the channel layer 44 is provided is 
shown in FIG. 6. If the channel layer 44 is provided, as shown in FIG. 6, a recessed 
portion (quantum well) 49 analogous to the notch 46 (see FIGS. 2 through 4) of the 
first embodiment can be formed. If such a recessed portion 49 has been formed, when 
a positive voltage is applied to the gate electrode 34, the lower end part of the 
recessed portion 49 is located lower than the Fermi level (E F ), similarly to the notch 
46 of the first embodiment. Furthermore, a channel is formed in the lower end part 
(channel layer 44) of the recessed portion 49. The degree of electron collection can be 
increased by forming the channel by using the quantum well 49. 

Further, the channel layer 44 is not doped with a dopant. Therefore, the 
diffusion of electrons when electrons flow in the channel layer 44 can be avoided. As 
a result, mobility of the electrons can be further increased. For this reason, the channel 
resistance can be further decreased. Therefore, the ON resistance can be further 
decreased. 
[0044] 

(Third embodiment) 

The field-effect transistor of the third embodiment shown in FIG. 7 has a left- 
right symmetrical structure of a longitudinal transistor in which a source electrode is 
formed on the front surface (first surface) of the device and a drain electrode is 
formed on the rear surface (second surface) of the device. A lower n"-type layer (part 
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of the fourth layer) 54 is formed on an n + -type drain layer (part of the fourth layer) 52. 
The n + -type drain layer 52 and the lower n-type layer 54 are composed of GaN that 
was doped with Si as an n-type dopant. However, the n + -type drain layer 52 was 
doped with Si to a higher concentration than the lower n -type layer 54. The 
concentration of carriers in the n + -type drain layer 52 is about 3 x 10 18 cm" 3 . The 
concentration of carriers in the lower n -type layer 54 is about 1 x 10 16 cm" 3 . The 
thickness of the n + -type drain layer 52 is about 200 jam. The thickness of the thickest 
portion of the lower n -type layer 54 is about 6 ^m. A drain electrode 50 is formed on 
the bottom surface of the n + -type drain layer 52. 
[0045] 

Further, p + -type layers (second layers) 56 are formed on the left side portion 
and right side portion of the lower n -type layer 54. Those p + -type layers 56 are 
composed of InGaN doped with Mg as a p-type dopant. The concentration of carriers 
in the p + -type layers 56 is about 1 x 10 18 cm" 3 . Further, a pair of n + -type source layers 
60 is formed on regions that are parts of those p + -type layers 56. Those n + -type source 
layers 60 are composed of GaN doped with Si, which is an n-type dopant. A pair of 
source electrode 62 is formed on the region that is part of the p + -type layers 56 and a 
region that is part of the n + -type source layers 60. Each source electrode 62 is in 
contact with both the p + -type layer 56 and the n + -type source layer 60. 
[0046] 

An upper n -type layer (first layer) 68 is formed on the right side portion of the 
left p + -type layer 56, on the central portion of the lower n -type layer 54, and on the 
left side portion of the right p + -type layer 56. The upper n -type layer 68 is composed 
of AlGaN (more specifically, Alo.3Gao.7N) doped with Si, as an n-type dopant. The 
concentration of carriers in the upper n -type layer 68 is about 1 x 10 16 cm' 3 . The 
thickness of the upper n -type layer 68 is about 50 nm. A gate-insulating layer 66 is 
formed on the right side portion of the left n + -type source layer 60, on the upper n - 
type layer 68, and on the left side portion of the right n + -type source layer 60. A gate 
electrode 70 is formed on the gate- insulating layer 66. 

The upper n -type layer 68 has a pair of regions 68a formed between the gate 
electrode 70 and the p + -type layer 56. The structural materials and thickness of the 
gate insulating layer 66 and electrodes 50, 62, and 70 are identical to those of the first 
embodiment. 
[0047] 
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The band gap of the upper n"-type layer 68 is larger than the band gap of the 
p + -type layer 56. In the present embodiment, the band gap of the upper n"-type layer 
68 is made larger than the band gap of the p + -type layer 56 by introducing Al into the 
upper n"-type layer 68 and introducing In into the p + -type layer 56. 

Depleted layers extend to both sides of the upper n"-type layer 68 and the p + - 
type layer 56 from the contact portion (pn junction) between the upper n -type layer 
68 and the p + -type layer 56. The thickness of the upper n"-type layer 68 is not more 
than the thickness of the depleted layer extending from the pn junction 58 to the upper 
n~-type layer 68 when no voltage is applied to the gate electrode 70. 
[0048] 

The operation of the third embodiment will be described hereinbelow. When 
no voltage is applied to the gate electrode 70, the entire region 68a located directly 
above the p + -type layer 56 within the upper n"-type layer 68 is substantially depleted 
by the depleted layer extending from the pn junction 58 to the upper n -type layer 68, 
similarly to the first embodiment. As a result, when no voltage is applied to the gate 
electrode 70, no electric current flows between the source electrode 62 and the drain 
electrode 50. The transistor thus executes a normally off operation. 
[0049] 

If a positive voltage is applied to the gate electrode 70, the electrons first flow 
in the transverse direction in the order as follows: source electrode 62, n + -type source 
layer 60, and channel (close to the boundary 58 between the upper n"-type layer 68 
and the p + -type layer 56). The electrons then flow in the longitudinal direction in the 
order as follows: lower n~-type layer 54, n + -type drain layer 52, and drain electrode 50. 
Thus, the electric current flows from the drain electrode 50 to the source electrodes 62 
and the transistor is switched ON. 
[0050] 

With the third embodiment, similarly to the first embodiment, a useful 
semiconductor device can be realized which is normally off and has a high breakdown 
voltage and a low ON resistance. 
[0051] 

An example of a method for the fabrication of the third embodiment will be 
described below with reference to FIG. 7. First, the lower n -type layer 54 is grown by 
the MOCVD method on the n + -type drain layer 52. A first mask layer (Si02 layer) is 
then formed on the lower n"-type layer 54. Opening for forming the p + -type layers 56 
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are then formed by a photolithography process in the first mask layer. The lower n - 
type layer exposed from the openings of the first mask layer is then etched out by the 
RIE method (this etched layer is not shown in FIG. 7). 
[0052] 

The pair of p + -type layers 56 is then selectively grown by the MOCVD 
method on the lower n "-type layer 54, which was located below the etched lower n~- 
type layer (this layer is not shown in FIG. 7) and was newly exposed by etching. The 
pair of p + -type layers 56 is grown till it reaches the height of the topmost surface of 
the lower n~-type layer 54. The formation of the p + -type layers 56 is carried out, while 
the previously formed first mask layer remains intact. The first mask layer is then 
removed with an aqueous solution of HF. 
[0053] 

The upper n -type layer 68 is then grown by the MOCVD method from above 
the entire p + -type layers 56 over the entire lower n -type layer 54. A second mask 
layer (SiC>2 layer) is then formed over the entire upper n -type layer 68. Openings for 
forming the pair of source layers 60 are then formed by a photolithography process in 
the second mask layer. Then, N (nitrogen) is implanted by an ion implantation method 
at a dose of 1 x 10 15 cm 2 and an accelerating voltage of 35 keV into the openings of 
the second mask layer. Si is then implanted by an ion implantation method at a dose 
of 1 x 10" 15 cm" 2 and an accelerating voltage of 65 keV into the openings of the second 
mask layer. As a result, the pair of n + -type source layer 40 (prior to activation of the 
ion-implanted dopant) are formed. 
[0054] 

A mask layer (Si02 layer) is then again formed in the openings of the second 
mask layer. All those mask layers will be referred to hereinbelow as a third mask 
layer. Thus, the entire top surface of the device is covered with the third mask layer. 
The device is then annealed for 5 minutes at a temperature of 1300°C in an N 
(nitrogen) atmosphere. A pair of openings is then formed in the third mask layer. The 
openings are employed for removing the upper n"-type layers (this layer is not present 
in FIG. 7) formed on the p + -type layers 56, which is in contact with the source 
electrode 62. The upper n"-type layers exposed from the openings of the third mask 
layer are then etched out by the REE method (the etched layer are not present in FIG. 
7). The third mask layer is then removed with an aqueous solution of HF. 
[0055] 
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The gate-insulating layer 66 is then formed by a sputtering method on the 
entire top surface of the device. The openings for forming the pair of source 
electrodes 62 are then formed by a photolithography process in the gate-insulating 
layer 66. Ti and Al are then successively vapor deposited to form the pair of source 
electrodes 62 on the p + -type layers 56 and n + -type source layers 60 exposed from the 
openings. Further, Ti and Al are then successively vapor deposited to form a drain 
electrode 50 on the bottom surface of the n + -type drain layer 52. Annealing is then 
conducted for 2 min at a temperature of 500°C in an N (nitrogen) atmosphere. Ni is 
then vapor deposited to form the gate electrode 70 on the gate-insulating layer 66 
positioned above the p + -type layer 56. 

The field-effect transistor, of the third embodiment, can be fabricated by the 
above-described process. 
[0056] 

(Fourth embodiment) 

The field-effect transistor of the fourth embodiment shown in FIG. 8 is 
different from that of the third embodiment mainly in the aspects as follows. In the 
fourth embodiment, a channel layer (third layer) 72 is provided between the upper n - 
type layer 68 and the p + -type layer 56. The channel layer 72 is also continuously 
provided between the upper n"-type layer 68 and the lower n -type layer 54. The 
channel layer 72 is composed of true InGaN that was not doped with dopant. Indium 
is introduced in the channel layer 72. As a result, the band gap of the channel layer 72 
is reduced with respect to the band gap of the upper n -type layer 68 and the p + -type 
layer 56. 
[0057] 

In the fourth embodiment, the fabrication can be conducted by removing the 
first mask layer by virtue of a process similar to that of the third embodiment, then 
successively growing the channel layer 72 and the upper n -type layer 68 by the 
MOCVD method over the entire lower n"-type layer 54 and p + -type layers 56 and then 
conducting operations as in the third embodiment. 
[0058] 

(Fifth embodiment) 

The field-effect transistor of the fifth embodiment shown in FIG. 9 is different 
from that of the fourth embodiment mainly in the aspects as follows. The channel 
layer 72 of the fourth embodiment was composed of true InGaN that was not doped 
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with dopant, whereas the channel layer 73 of the fifth embodiment is composed of n - 
type GaN that was doped with Si as an n-type dopant. The concentration of dopant in 
this channel layer 73 is 1 x 10 16 cm" 3 . Further, the p + -type layer 56 of the fourth 
embodiment was composed of InGaN doped with Mg as a p-type dopant, whereas in 
the fifth embodiment it was composed of p + -type GaN containing no In. The 
concentration of dopant in the p + -type layer 57 is 5 x 10 17 cm" 3 . Therefore, the band 
gap of the channel layer 73 of the fifth embodiment is equal to that of the p*-type 
layer 57 and is less than that of the upper n-type layer 68. 
[0059] 

FIG. 10 is an energy band diagram corresponding to section B-B in FIG. 9. 
The depth obtained when the boundary between the upper n -type layer 68a and the 
gate insulating layer 66 is at a 0 position is plotted against the abscissa, and a potential 
energy in each position is plotted against the ordinate. FIG. 10(a) illustrates a state in 
which no voltage is applied to the gate electrode 70, and FIG. 10(b) illustrates a state 
in which a voltage of 3.0 V is applied to the gate electrode 70. 

Referring to FIG. 10(a), a notch (quantum well) was formed in the boundary 
59 of the upper n -type layer 68a and the channel layer 73 due to the difference in the 
band energy therebetween. In the case of the present embodiment, a concave notch 
surrounded by energy barriers is not formed because the band gaps of the channel 
layer 73 and p + -type layer 57 coincide. The notch is formed within the channel layer 
73 at the side of the boundary 59 between the upper n -type layer 68a and the channel 
layer 73. When no voltage is applied to the gate electrode 70, the potential of this 
notch is located above the Fermi level (0 eV). As a result, the channel is not formed 
and the electrons do not flow. Therefore, a field-effect transistor that is normally off 
can be realized. 

On the other hand, if a positive voltage is applied to the gate electrode 70, the 
potential of the notch reaches the Fermi level (0 eV), as shown in FIG. 10(b). 
Therefore, the channel is formed in the notch and electrons flow therein. The channel 
is formed within the channel layer 73 at the side of the boundary 59. 
[0060] 

In the above-described field-effect transistor, the notch serving as the channel 
is formed within the channel layer 73 with a low concentration of dopants. Therefore, 
the diffusion of electrons occurring when electrons flow in the channel layer 73 can 
be avoided. As a result, mobility of the electrons can be further increased. For this 
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reason, the channel resistance can be further decreased. Therefore, the ON resistance 
can be further decreased. 

In the above-described transistor, the gate voltage necessary for the potential 
of the notch to reach the Fermi level is as low as 3.0 V. 

Further, the technology of the present embodiment may be also applied to the 
field-effect transistor of the second embodiment. Thus, the channel layer 44 of the 
second embodiment shown in FIG. 5 is composed of n-type GaN doped with an n- 
type dopant. A field-effect transistor with a low ON resistance can be realized by the 
same operation effect as that of the fifth embodiment. 
[0061] 

(Sixth embodiment) 

The field-effect transistor of the sixth embodiment shown in FIG. 11 
comprises a trench-type gate electrode 170 extending in the direction perpendicular to 
a surface of the semiconductor device. 

A lower n-type layer (part of the fourth layer) 154 is formed on a drain layer 
(part of the fourth layer) 152. A GaN substrate is used for the drain layer 152. The 
lower n-type layer 154 is composed of GaN doped with Si as an n-type dopant. A 
drain electrode 150 is formed on the rear surface of the drain layer 152. 
[0062] 

Further, p-type layers (second layers) 157 are formed above the left side 
portion and right side portion of the lower n-type layer 154. Those p-type layers 157 
are composed of GaN doped with Mg as a p-type dopant. Further, n + -type source 
layers 160 are formed on the regions that are parts of those p-type layers 157. Those 
n + -type source layers 160 are composed of GaN doped with Si, which is an n-type 
dopant. The n + -type source layers 160 are separated from the lower n-type layer 154 
by the p-type layer 157. A source electrode 162 is formed on the region that is part of 
the p-type layer 157 and up to the region that is part of the n-type source layer 160. 
Each source electrode 162 is in contact with both the p-type layer 157 and the n + -type 
source layer 160. 
[0063] 

A trench is formed through the n + -type source layer 160 and the p-type layer 
157, and a channel layer 173, upper n-type layer 168, gate insulating layer 166, and 
gate electrode 170 are formed inwardly from the side wall side of the trench. 
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The channel layer 173 is composed of n-type GaN doped with Si as an n-type 
dopant. The upper n-type layer 168 is composed of AlGaN (more specifically, 
Alo3Gao.7N) doped with Si as an n-type dopant. The zone of the upper n-type layer 
168, which faces the p-type layer 157, is called an upper n-type layer 168a and is 
distinguished for the sake of convenience. 

Constituent materials of the gate insulating layer 166 and electrodes 150, 162, 
and 170 are identical to those of the fifth embodiment, 
[0064] 

The band gap of the channel layer 173 is equal to that of the p-type layer 157 
and is less than that of the upper n-type layer 168. 

Because of the difference in the band gap between the upper n-type layer 168a 
and the channel layer 173, a notch (quantum well) is formed in the boundary 159 
thereof. In the case of the present embodiment, because the band gaps of the channel 
layer 173 and the p-type layer 157 coincide, the concave notch surrounded by an 
energy barrier is not formed. In the vicinity of the boundary 159 of the upper n-type 
layer 168 and the channel layer 173, the notch is formed at the side of the channel 
layer 173. When no voltage is applied to the gate electrode 170, the potential of this 
notch is above the Fermi level. Therefore, the channel is not formed and electrons do 
not flow. Therefore, the field-effect transistor realizes a normally off action. 

On the other hand, if a positive voltage is applied to the gate electrode 170, the 
potential of the notch reaches the Fermi level. Therefore, a channel is formed in the 
notch and electrons flow therethrough. 

In the above-described field-effect transistor, if the semiconductor device is 
switched ON, the electrons supplied from the n + -type source layer 160 flow in the 
longitudinal direction along the channel layer 173. In other words, the electrons flow 
along the side surface of the trench-type gate electrode 170 in the direction 
perpendicular to the main surface of the semiconductor substrate and then flow to the 
drain electrode 150 via the lower n-type layer 154 and drain layer 152. 
[0065] 

In the field-effect transistor of the sixth embodiment, employing the trench- 
type gate electrode 170 makes it possible to form a channel in the direction 
perpendicular to the main surface of the semiconductor substrate. The surface area of 
the field-effect transistor can be decreased. Furthermore, because a wide channel can 
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be ensured, the channel resistance can be decreased and, therefore, ON resistance can 
be decreased. 

The channel layer of the present embodiment may be also composed of a true 
InGaN that is not doped with a dopant. In this case, the concave notch (quantum well) 
is formed in the channel layer. The same operation effect can be demonstrated, the 
ON resistance can be decreased, and the surface area of the field-effect transistor can 
be decreased. 
[0066] 

An example of the fabrication of the field-effect transistor of the sixth 
embodiment will be briefly described below. 

First, the lower n-type layer 154, p-type layer 157, and n + -type source layer 
160 are grown by the MOCVD method on the GaN substrate 152, and then a trench 
passing through to the n-type layer 154 is formed by the RIE method. The channel 
layer 173 and the upper n-type layer 168 are then grown to the prescribed thickness 
inside this trench by the MOCVD method. The gate-insulating layer 166 is then 
formed to the prescribed thickness by sputtering. The gate electrode 170 is then 
formed by growing poly-silicon, or the like, inside the remaining portion of the trench. 
Other fabrication steps can be identical to those of the above-described embodiments. 
[0067] 

Specific examples of the present invention are described above in detail, but 
those examples are merely illustrative and place no limitation on the patent claims. 
The technology described in the patent claims also includes the following changes and 
modifications of the above-described specific examples. 

(1) In the first embodiment illustrated by FIG. 1, a structure was obtained in 
which the channel was mainly formed in the vicinity of the boundary 24 of the upper 
n -type layer 32 and the p + -type layer 42. However, a structure may be also used in 
which the channel is mainly formed inside the upper n -type layer 32. 

(2) In the above-described embodiments, a normally-off semiconductor device 
was explained. However, the present invention is also applicable to normally-on 
semiconductor devices. 

(3) In the above-described embodiments, a gate insulating film was introduced 
between the gate electrode and the first layer. However, the two may be instead 
brought into Schottky contact. If the gate insulating film is introduced, a high voltage 
can be applied to the gate electrode and a large-current ON/OFF is possible. 
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(4) A method in which the p + -type layer 42 is formed by a process comprising 
the steps of growing the lower n~-type layer 22 on the substrate 20, etching out part of 
the lower n -type layer 22, re-growing the p + -type layer 42 on the lower n~-type layer 
22 that was exposed by the etching process was explained hereinabove as the 
fabrication method of the first embodiment illustrated by FIG. 1. However, the p + - 
type layer 42 can be also formed by ion implantation of Mg or Be into the lower n - 
type layer 22. In such a case, the steps of etching the lower n~-type layer 22 and re- 
growing the p + -type layer 42 can be omitted. Therefore, the fabrication process can be 
simplified. 

(5) In the third embodiment illustrated by FIG. 7, it is also possible to grow a 
thin lower n~-type layer 54, to grow the p + -type layer 56 over the entire lower n -type 
layer 54, and to form the central portion of the n~-type layer 54 by ion implantation of 
Si or Ge into the central portion of the p + -type layer 56 (this layer is not present in 
FIG. 7). In this case, too, it is possible to form two p + -type layers and the n -type layer 
54 located therebetween. 

[0068] 

Furthermore, the technological features explained in the specification or 
appended drawings demonstrate their technological utility when used alone or in a 
variety of combinations thereof and are not limited to the combinations described in 
the patent claims at the time of filing of the application. Furthermore, the technology 
illustrated by the specification or appended drawings can attain multiple objects at the 
same time, and attaining one of those objects has by itself a technological utility. 
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